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Signaling through MAPK (mitogen-activated protein kinase) cascades plays critical roles in plant development, defense and stress responses. In the
present study, a novelMPKKK gene, nominated asGhCTR1, was isolated from the economic crop cotton (Gossypium hirsutum L.). Sequence analysis
revealed that the full-length cDNA of GhCTR1 is 3347 bp in length and encodes an 851-amino acid protein with the conserved ATP-binding site and
Ser/Thr kinase active site. Fourteen introns were observed in the genomic DNA sequence, and the last one was located in the 3′ untranslated region
(UTR). To investigate the expression patterns of GhCTR1, semi-quantitative RT-PCR was performed. The expression of GhCTR1 was higher in the
roots and stems than in the leaves. Moreover, GhCTR1 was upregulated by signaling molecules, including salicylic acid (SA), gibberellins (GAs)
and abscisic acid (ABA). Drought, wounding and Rhizoctonia solani infection also increasedGhCTR1 transcription. However, there was no remarkable
difference in GhCTR1 expression after treatment with methyl jasmonate (MeJA), ethylene (ET), H2O2, salt or cold. Additionally, analysis of a 439-bp
GhCTR1 promoter fragment revealed several putative cis-acting elements that may be responsible for the enhanced response to phytohormones and
stress. These results suggest that GhCTR1 may be involved in SA-, GA- and ABA-mediated signaling pathways to provide resistance to biotic and
abiotic stress.
© 2011 SAAB. Published by Elsevier B.V. All rights reserved.
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Various signaling pathways that transduce external signals to
cellular responses have evolved in plants to enable responses to
biotic and abiotic environmental stresses (Champion et al.,
2004; Hahn and Harter, 2009; Schenk and Snaar-Jagalska,
1999). Protein phosphorylation by protein kinases plays an essen-
tial role in many signaling transduction mechanisms. The genes
coding for protein kinases account for about 5% of the genome
of green plants (Colcombet and Hirt, 2008). Moreover, roughly
10% of all plant kinases participate in mitogen-activated protein
kinase (MAPK) pathways (Colcombet and Hirt, 2008).⁎ Corresponding author. Tel.: +86 538 8245679; fax: +86 538 8226399.
E-mail address: lihan@sdau.edu.cn (H. Li).
0254-6299/$ - see front matter © 2011 SAAB. Published by Elsevier B.V. All righ
doi:10.1016/j.sajb.2011.09.004TheMAPK cascade is a fundamental and conserved transduc-
tion mechanism in all eukaryotes (You et al., 2007). Genetic and
biochemical studies have revealed that the MAPK cascade is
composed of at least three sequentially activated protein kinases:
MAPK kinase kinases (MAPKKKs, also known as MAP3Ks),
MAPK kinases (MAPKKs) and MAPKs (Rodriguez et al.,
2010). Compared with MAPKs and MAPKKs, the MAP3K
class includes more members. Approximately 60 different
MAP3Ks have been identified in the Arabidopsis genome, thus
forming the most complicated and largest group of MAPK
pathway components (Gao and Xiang, 2008). These kinases
can be classified into Groups A, B and C. Groups B and C are
also called Raf-like kinases (Kazuya et al., 2002) and are more
similar to mammalian Raf1 (Rodriguez et al., 2010).
MAP3Ks are located at the top of the MAPK signaling
pathway and are associated with developmental processes andts reserved.
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et al., 1996; Nakagami et al., 2004). MAP3Kε1 and MAP3Kε2
are functionally redundant genes that together are essential for
pollen development but not necessary for female gametophyte
function (Chaiwongsar et al., 2006). Further study revealed that
someMAP3Kε1 proteins were localized to the plasmamembrane
in Arabidopsis cells, which suggests that MAP3Kε1 may partic-
ipate in a process required for normal plasma membrane function
in Arabidopsis pollen (Chaiwongsar et al., 2006). The high toler-
ance of AT6, a strain with a mutation in a putative MAP3K locus
(At1g73660), to salt stress during germination and seedling
growth strongly indicates that this locus negatively regulates
salt tolerance in Arabidopsis (Gao and Xiang, 2008). OMTK1
plays a role in MAPK scaffolding and activation of H2O2-in-
duced cell death in plants (Nakagami et al., 2004). MEKK1,
whose kinase activity is regulated by H2O2, functions in integrat-
ing ROS homeostasis with plant developmental and hormonal
signaling (Nakagami et al., 2006).
There are two interesting Raf-like MAP3Ks: ENHANCED
DISEASE RESISTANCE 1 (EDR1) and CONSTITUTIVE
TRIPLE RESPONSE 1 (CTR1). Previous studies showed that
these MAP3Ks participate in ethylene (ET)-mediated signaling in
Arabidopsis thaliana (Frye and Innes, 1998; Huang et al. 2003).
However, a report showed that enhanced disease resistance 1
(edr1) mutants depend on salicylic acid (SA)-induced defense
responses that are independent of jasmonate (JA)- and ET-induced
defenses (Frye et al., 2001). In rice, OsEDR1 plays an important
role in the negative regulation of bacterial resistance (Shen et al.,
2011). Furthermore, transcript levels of OsEDR1 can be increased
by all three phytohormones, including JA, SA and ET (Kim et al.,
2003). InCucurbita pepo, the expression ofCpCTR1 andCpCTR2
is higher in male floral organs than in female organs in the early
stages of flower development, when ET production is extremely
low (Manzano et al., 2010). Using the yeast two-hybrid assay, a
specific interaction was detected between the CTR1 amino-termi-
nal domain and the predicted histidine kinase domain of the ethyl-
ene receptors ETR1 and ERS, which implies that CTR1 acts in the
ETR1/ERS pathway (Clark et al., 1998; Gao et al., 2003). Previous
studies also revealed that LeCTR1 plays a pivotal role in plant de-
fense responses. Compared with wild-type tomatoes, tomatoes
overexpressing LeCTR1 displayed enhanced susceptibility to in-
fection by the fungal pathogen Botrytis cinerea and higher tran-
script levels of pathogenesis-related genes such as PR1b1 and
chitinase B (Lin et al., 2008). However, there are limited reports
about the function of CTR1 in response to abiotic stresses, such
as cold, wounding and drought, or in non-ET signaling pathways.
Thus far, three MAPK members from cotton have been
reported in our laboratory (Shi et al., 2010; Shi et al., 2011;
Wang et al., 2007), but the sequence information for MAP3Ks
in Gossypium hirsutum L., which is an important economic
crop, is not available. In the present study, we isolated a novel
MAP3K gene, nominated as GhCTR1, from cotton. The expres-
sion analysis shows that GhCTR1 transcription can be increased
by SA, GA or ABA but not by ET, MeJA or H2O2. GhCTR1 is
upregulated by various biotic and abiotic stresses, including the
fungus Rhizoctonia solani, wounding and drought. A partial 5′-
flanking region was obtained by TAIL-PCR, revealing a numberof predicted cis-acting elements related to SA, GAs and MeJA.
The cloning and characterization of GhCTR1 is an important
step in the further study of the function of CTR1 in different
signaling pathways and various plant defense responses.
2. Materials and methods
2.1. Plant materials and treatments
The cotton cultivar (G. hirsutum L. cv Lumian 22) was used
throughout these experiments. Seeds were germinated in the
dark, and germinated seedlings were incubated by aquaculture
in a greenhouse under a 16 h light/8 h dark cycle. For tissue-spe-
cific expression analysis, the roots, stems and leaves were har-
vested from seven-day-old cotton seedlings. Seedlings were
used for expression analysis under the following treatments.
Seedling leaves were sprayed with 2 mM SA, 100 μM ABA,
100 μM MeJA, ethylene released from 5 mM ethephon,
500 μM GA3, or 10 mM H2O2. Seedling roots were exposed to
NaCl (200 mM) or 15% (w/v) PEG6000 solutions for salt and
drought treatments. Cold, wounding and fungal treatments were
performed as described in Guo et al. (2010). Seedlings without
any treatment were used as controls for all of the above treat-
ments. Seedling leaves (just the cotyledons) were harvested, fro-
zen in liquid nitrogen, and stored at −80 °C for further use.
2.2. RNA extraction, cDNA synthesis and DNA preparation
Total RNA was extracted from the frozen tissue samples with
Trizol reagent (Invitrogen, USA), treated with RNase-free DNa-
seI (Promega, USA) and used as a template for first-strand
cDNA synthesis using the EasyScript First-Strand cDNA Synthe-
sis SuperMix (Transgen, China) following the manufacturer's
protocol. Genomic DNA was isolated from seedling leaves via
the revised CTAB method (Saghai-Maroof et al., 1984).
2.3. Isolation of the full-length cDNA of GhCTR1
To obtain internal conserved gene fragments, two pairs of
degenerate PCR primers KP1/KP2 and KP3/KP4 were designed
and synthesized according to the conserved amino acids of
CTR1 proteins in Arabidopsis, parsley, tobacco and sweet potato.
Reverse-transcription PCR (RT-PCR) was carried out using the
first-strand cDNA as template. The PCR program was as
described in Supplementary Table S1. The PCR product was
purified, cloned into the pMD18-T vector, and then transformed
into Escherichia coli competent cells for sequencing.
For 5′ RACE, first-strand cDNA was purified using the Wiz-
ard DNA Clean-up System (Promega, USA), and the purified
cDNA was homopolymerically tailed at its 5′ end with dCTP
by terminal deoxynucleotidyl transferase (TaKaRa, Japan)
according to the manufacturers' instructions. Two primers were
designed and synthesized based on the obtained sequence of the
internal conserved fragment, and two rounds of PCR amplifica-
tion were performed. The primary PCR was performed with
primer 5KP1 and Abridged Anchor Primer (AAP), and the 50-
fold diluted PCR product was used as the template for nested
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tion Primer (AUAP). Both of the PCR procedures are described
in Supplementary Table S1. The PCR product of the nested
PCR was purified, cloned into the pMD18-T vector, and then
transformed into E. coli competent cells for sequencing.
For 3′ RACE, two specific primers were designed and synthe-
sized based on the obtained sequence of the internal conserved
fragment. Two rounds of PCR were performed with the first-
strand cDNA as the template. The first round of PCR was per-
formed with specific primer 3KP1 and universal primer B26.
The second round of PCR was performed with primer 3KP2
and universal primer B25 using a 50-fold dilution of the PCR
product of the primary PCR as template. The PCR conditions
are described in Supplementary Table S1. The PCR product
was purified, cloned into the pMD18-T vector, and then trans-
formed into E. coli competent cells for sequencing as described
above.
The putative full-length cDNA ofGhCTR1was deduced from
the obtained sequences of 3′ and 5′ cDNA together with the inter-
nal conserved region. To further verify the validity of the se-
quence, two specific primers KQ1 and KQ2 were designed and
used to directly amplify the sequence of the full-length cDNA.
2.4. Amplification of the genomic sequence and the 5′-flanking
region of GhCTR1
To obtain the genomic sequence of GhCTR1, three pairs of
specific primers, i.e., KN1/KN2, KN3/KN4 and KN5/KN6,
were designed and synthesized based on the cDNA sequence.
The PCR reactions were programmed as described in Supple-
mentary Table S1 with genomic DNA as the template. Based
on the cDNA and genomic sequences, five gene-specific primers
(SP1, SP2, SP3-1, SP3-2 and SP3-3) with high annealing temper-
atures were designed and synthesized in nested positions close to
the 5′-end of the coding regions to amplify part of 5′-flanking re-
gion ofGhCTR1 by TAIL-PCR. Six arbitrary degenerate primers
with low annealing temperatures were also used. After three
rounds of PCR amplification, a specific band was obtained with
primer AD4. Each round of PCRwas performed as described pre-
viously (Huang et al., 2010). The PCR product of the third round
of PCRwas cloned into the pMD18-T vector, transformed into E.
coli competent cells and then sequenced.
2.5. Bioinformatic analysis and phylogenetic tree construction
The predicted full-length cDNA was assembled by DNAman
software 5.2.2. Multiple protein sequence alignments among
homologues were conducted using BLAST (http://www.ncbi.
nlm.gov/blast) and DNAman software 5.2.2. The localization of
GhCTR1 was predicted by the online tool PSORT (http://psort.
ims.u-tokyo.ac.jp). The ClustalW function of BioEdit was used
to perform sequence alignments (Hall, Carlsbad, CA), and the
phylogenetic tree of MAP3K in different species was constructed
using the neighbor-joining method in MEGA (Tamura et al.,
2007). The program PlantCARE (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html) was used to analyze the
GhCTR1 promoter sequence.2.6. Semi-quantitative RT-PCR analysis
Semi-quantitative RT-PCRwas used to investigate the expres-
sion pattern ofGhCTR1. Total RNA extracted from cotton leaves
was treated with RNase-free DNase-I to remove genomic DNA,
followed by cDNA synthesis. Primers KE1/KE2 and SSU1/
SSU2 were designed and synthesized to detect the expression
of GhCTR1 and the 18S ribosomal RNA gene (18S rRNA), re-
spectively. The PCR conditions are shown in Supplementary
Table S1. Quantitative data obtained from the labeled PCR
bands were normalized against data obtained for 18S rRNA
using Quantity One image analysis software (Bio-Rad, Hercules,
CA). Primer sequences are given in Supplementary Table S2.
3. Results
3.1. Cloning and sequence analysis of GhCTR1
Two internalGhCTR1 fragments were obtained with two pairs
of degenerate primers, KP1/KP2 and KP3/KP4, which were
designed according to a conserved region of plant CTR1 genes.
Based on the obtained internal sequences, rapid amplification of
cDNA ends PCR (RACE-PCR) was performed for amplification
of the 5′- and 3′-end fragments. The full-length cDNA sequence
of GhCTR1 (GenBank accession number: GU207868) was
3347 bp, including a 2556-bp open reading frame (ORF), a
329-bp 5′ untranslated region (UTR) and a 462-bp 3′UTR. A se-
quence analysis showed that the ORF ofGhCTR1 encodes a pro-
tein of 851 amino acids with a predicted molecular mass of
94.366 kDa and an isoelectric point of 6. 40.
3.2. Characterization and molecular evolution analysis of
GhCTR1
An amino acid sequence analysis showed that the deduced
GhCTR1 protein shared 73.19%, 70.95%, 67.39% and 52.04%
similarity with CTR1 homologs from Prunus persica, Ricinus
communis, A. thaliana and Oryza sativa, respectively (Fig. 1).
The N-terminal protein sequences are variable, and the C-
terminal sequences are conserved. All CTRs contain the ATP-
binding site (GAGSFGTV) and the Ser/Thr kinase active site
(HRDLKSPN) (Schenk and Snaar-Jagalska, 1999). Additionally,
the deduced GhCTR1 protein was predicted to be localized to the
endoplasmic reticulum membrane by the PSORT online tool
(http://psort.ims.u-tokyo.ac.jp).
To investigate the evolutionary relationship among GhCTR1
and other MAP3Ks, a phylogenetic tree was constructed using
MEGA (Fig. 2). According to the phylogenetic tree, the deduced
GhCTR1 had a close relationship with the CTRs in other plants,
especially with LeCTRs. Moreover, GhCTR1 is closer to EDR1
proteins of the same B group than to proteins of groups C and A.
3.3. Structure analysis of the genomic sequence of GhCTR1
To investigate the genomic structure of GhCTR1, three pairs of
specific primers were designed and synthesized to amplify the ge-
nomic sequence using genomic cotton DNA as template. Three
Fig. 1. Alignment of the deduced GhCTR1 protein sequence with CTR1s in other species. The CTRs used are the following: PpCTR1 (GenBank accession number:
ACR23642), RcCTR1 (XP_002528586), AtCTR1 (NP_195993), OsCTR1 (BAD25412). Identical amino acids are highlighted in black. The ATP-binding site
GAGSFGTV and the Ser/Thr kinases active site HRDLKSPN are marked by the two-headed arrow and triangle, respectively.
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full-length genomic DNA of GhCTR1 (GenBank accession num-
ber: JF905484) is 9266 bp in length, including fourteen introns
and fifteen exons. In addition, all GhCTR1 introns have typical
plant intron characteristics: they are A+T rich and flanked by the
5′ splice donor GT and the 3′ splice donor AG. The number of in-
trons is well-conserved among GhCTR1, AtCTR1 (L08790) and
LeCTR1 (AY079048) (Fig. 3). Furthermore, the last intron of
GhCTR1 is located in the 3′ UTR, which is the same as in
LeCTR4 (AY382677) but different from AtCTR1 and LeCTR1.3.4. Tissue-specific expression patterns of GhCTR1
To investigate the tissue-specific expression pattern of
GhCTR1, semi-quantitative RT-PCR (reverse transcription PCR)
was performed using total RNA extracted from different seedling
organs. Transcripts of GhCTR1 were consistently detected in the
roots, stems and leaves (Fig. 4a). The mRNA levels of GhCTR1
were lowest in the leaves in comparison to the roots and stems.
These results may contribute to a better understanding of the mech-
anism of GhCTR1 in environmental stress responses.
Fig. 2. The phylogenetic relationship of GhCTR1 to other plant MAP3Ks. The pro-
teins used in the construction of the phylogenetic tree are LeCTR3 (GenBank acces-
sion number: AAR89820), AtCTR1 (NP_192590),MdCTR1 (ABI58288), DeCTR1
(BAC80147), GhCTR1 (GU207868), LeCTR4 (AAR89821), PtCTR2 (XP_00222
3899), PtCTR1 (XP_002326245), RhCTR1 (AAK40361), AtMEKK10
(NP_192587), ZmMAP3K (NP_001130692), RcMEKK2 (XP_002513833), AtM
3EKK1 (NP_192590), CmNPK1 (ABR67413), VvMAP3K (NP_002275368),
AtATN1 (NP_189393), GmEDR1 (ACQ50072), AtEDR1 (NP_563824),
HvEDR1 (AAG31142), TaEDR1 (AAU89661) and LeCTR1 (AAL87456).
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molecules
CTR1 is a Raf-like Ser/Thr protein kinase that acts as a key
negative regulator in ET signaling transduction pathway. To in-
vestigate the effect of ET on GhCTR1 expression, we evaluated
the expression of GhCTR1 under exogenous ET treatment. In
the tomato, LeCTR1 expression increased in response to ET
(Adams-Phillips et al., 2004). In contrast, we found that
GhCTR1 was not induced by ET (Fig. 4f).
Previous studies focused on the roles of CTR1 in ET signal
transduction. Here, we investigated the expression of GhCTR1
in response to other phytohormones, including SA, ABA, GA3
andMeJA.We found that the transcription ofGhCTR1 is regulat-
ed by SA, ABA and GA3 but not by MeJA (Fig. 4b–e). For SA
treatment, the expression of GhCTR1 increased gradually,
reached a peak at 8 h and then declined. After GA3 treatment,
the expression pattern was similar to that with SA treatment.
When cotton was subjected to ABA, the expression of GhCTR1Fig. 3. Schematic representation of the DNA structures. Lengths of the exons and in
(AY079048) and LeCTR4 (AY382677) are indicated according to the scale below. Exon
initiation codons (ATG) and 3′ UTR are marked with (▼) and (*), respectively.reached approximately three times the level in controls at 2 h, de-
clined but remained relatively steady from 4 h to 12 h, and
returned to control levels at 36 h (Fig. S1b). H2O2 did not cause
a significant change in GhCTR1 mRNA accumulation (Fig. 4g,
Fig. S1g).
3.6. Expression profiles of GhCTR1 in response to biotic and
abiotic stresses
Previous studies inArabidopsis found that ctr1mutants exhib-
it impaired developmental processes and defense responses to bi-
otic and abiotic stresses (Muller et al., 2010; Ouaked et al., 2003;
Rodriguez et al., 2010). To determine whether or not theGhCTR1
gene is involved in pathogen responses, we measured GhCTR1
expression in cotton plants after inoculation with the fungal path-
ogen R. solani. Pathogen exposure caused a two-fold increase in
GhCTR1 mRNA accumulation relative to the control (Fig. 5a,
Fig. S2a). Expression peaked on the third day and then decreased.
Based on the responses of GhCTR1 to various signaling
molecules, we hypothesized that GhCTR1 expression may be af-
fected by abiotic stresses, such as wounding, high salinity, low
temperature and drought. We found that high salinity (NaCl)
and cold (4 °C) did not significantly increase the expression of
GhCTR1, whereasGhCTR1 expression was enhanced by wound-
ing and drought (PEG6000) (Fig. 5b–e). After the cutting of the
leaves, a drastic upregulation of GhCTR1 expression was
observed within 0.5 h, reaching a peak level of approximately
5-fold at 3 h and then decreasing (Fig. S2b). Under drought
stress, the transcription of GhCTR1 increased at 6 h and was
maintained at a high level at 8–24 h.
3.7. Characterization of the 5′-flanking region of GhCTR1
To clarify the mechanism responsible for the regulation of
GhCTR1 expression, a 439-bp GhCTR1 promoter fragment
(GenBank accession number: JF905484) was isolated by
TAIL-PCR with reference to the transcriptional start site deter-
mined by the GhCTR1 cDNA sequence. The putative cis-acting
elements in the 5′-flanking region, including the 5′ UTR and
promoter, were predicted using the software program PlantCARE.
The TATA box and CAAT box serve as basal promoter elements
for transcription. The TATA box was observed at positions −9,
−24 and −396 upstream of transcription start site, and the CAAT
box was found at positions −182, −315 and −353 (Fig. 6). We
identified six known types of putative cis-acting regulatory
elements related to environmental stress: TGACG-motif (−398)trons of the genomic DNA of AtCTR1 (L08790), GhCTR1 (JF905484), LeCTR1
s and introns are highlighted by black and gray bars, respectively. The translational
Fig. 4. Tissue-specific expression profiles ofGhCTR1 and expression profiles ofGhCTR1 in response to different signaling molecules. For tissue-specific analysis (a), total
RNA was extracted from roots (R), stems (S) and leaves (L). The signaling molecules used are 100 μM ABA (b), 500 μM GA3 (c), 2 mM SA (d), 100 μM MeJA (e),
ethylene released from 5 mM ethephon (f), and 10 mM H2O2 (g). The 18S rRNA gene was used as a template control.
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GARE-motif (−53) and P-box (+77) involved in GA-
responsiveness, TCA-element (−239) involved in SA responsive-
ness and MBS binding site (−273) involved in drought-
inducibility. The positions and putative functions of other motifs
and elements are presented in Table 1.
4. Discussions
The MAPK cascade plays an important role in mediating a
large number of signal transduction pathways in response to
various biotic and abiotic environmental stresses (Zhang and
Klessig, 2001). Since the first report of plant MAPKs in 1993,
additional MAPK cascade members have been identified, and
their roles in plant defense and development have beenFig. 5. Expression profiles of GhCTR1 in response to different biotic and abiotic stre
treatment with R. solani (a), wounding (b), 15% (w/v) PEG6000 (c), 200 mM NaClextensively explored. Although several studies have been per-
formed to investigate the importance of the MAPKs and
MAP2Ks in plants, reports on MAP3Ks are limited, especially
in cotton, which is an economically important crop.
In the present study, we isolated a novel MAP3K gene,
GhCTR1, from cotton. An amino acid sequence comparison
revealed that the GhCTR1 protein is similar to the Raf-like
AtMAP3Ks, with extended N-terminal domains, the ATP-
binding site GAGSFGTV and the Ser/Thr kinase active site
HRDLKSPN. A computational analysis predicted that GhCTR1
is localized to endoplasmic reticulum membranes, where ethylene
receptors are present (Joo and Kim, 2007). Previous research dem-
onstrated that the localization of CTR1 to the endoplasmic reticu-
lum is essential for its function (Gao et al., 2003). Phylogenetic
analysis indicated that GhCTR1 is closely related to CTRs insses. Total RNA was extracted from the leaves at the indicated time points after
(d) and cold (4 °C) (e). The 18S rRNA gene was used as a template control.
Fig. 6. Nucleotide sequences and putative cis-acting elements within the 5′-flanking region of GhCTR1. The putative TATA-box and CAAT-box are highlighted in light
gray and dark gray, respectively. The putative cis-acting elements involved in GA-, MeJA-, and SA responsiveness and drought inducibility, as well as the initiation codon,
are boxed. The transcription and translation starts are indicated by arrows.
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of the CTR family.
CTR1 has been shown to be a negative regulator of stress
responses, which has led to speculation regarding MAPK
involvement in ET signaling in A. thaliana (Yoo and Sheen,
2008). ET is an important phytohormone involved in the
response to biotic and abiotic stress (Ouaked et al., 2003; Wang
et al., 2002). However, we observed no change in GhCTR1
expression after exposure to ET in seedlings. During the develop-
ment of male and female flowers, two CTR genes (CpCTR1 andTable 1
Putative cis-elements in the promoter.
Cis-element Sequence and position
5UTR Py-rich stretch TTTCTTCTCT: +175
ARE TGGTTT: +144
CAAT-box CAAT: −354, −317, −183, +17, +269
CAAAT: +107, +216, +269
CAT-box GCCACT: −81
CGTCA-motif CGTCA: −366, −341, −294, −197, −179
G-box CACGTC: −295, −177
GARE-motif AAACAGA: −53
GT1-motif GGTTAA: +80
I-box CGATTAGGCG: +226
MBS CAACTG: −274
P-box CCTTTTG: +35, +253
Skn-1 GTCAT: −367, −342, −293, −180
TATA-box TATA: −397, −24, −9, +221
TAATA: −26, +90
ATTATA: −9, +219
TATAA: −9, +220
TTTTA: −232, +111, +248
ATATAT: −23
TC-rich repeats ATTTTCTTTA: +310
TCA-element CCATCTTGTTT: −239
GAGAAGAAAA: +176
GAGGAGAATA: +82
GAAGAAAAGGAG: +178
TCCC-motif TCTCCCT: +226
TGACG-motif TGACG: −366, −341, −294, −197, −179CpCTR2) from C. pepo showed a significant increase in expres-
sion level concomitant with ET production or treatment
(Manzano et al., 2010). Thus, the response of GhCTR1 to ET
may be differently regulated in different development stages.
We investigated GhCTR1 expression in response to several
phytohormones in addition to ET. ABA and JA are involved in
the resistance to abiotic stresses in plants. ABA is involved in
the response to drought, salt and cold as well as in development
(De Torres-Zabala et al., 2007). Wounding increases the expres-
sion of JA biosynthetic genes in Arabidopsis thaliana and otherFunction
Conferring high transcription levels
Essential for the anaerobic induction
Common cis-acting element in promoter and enhancer regions
Related to meristem expression
Involved in the MeJA-responsiveness
Involved in the light responsiveness
Gibberellin-responsive element
Light responsive element
Part of light responsive element
MYB binding site involved in drought-inducibility
Gibberellin-responsive element
Required for endosperm expression
Core promoter element
Involved in defense and stress responsiveness
Involved in salicylic acid responsiveness
Part of light responsive element
Involved in the MeJA-responsiveness
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in cotton were examined after exposure to ABA and the JA ana-
log MeJA. There was no obvious change in GhCTR1 expression
level after MeJA treatment, which suggests that the MeJA-
responding elements in the GhCTR1 promoter may not be func-
tional. Previously, transcription of the Group A member
AtMEKK1 was shown to be upregulated by abiotic stresses
(Ichimura et al., 2000). Moreover, the possible MAPK cascade
constituted by AtMEKK1, AtMEK1, AtMKK2 and AtMPK4
had been found to be responsive to salt, drought, and cold
(Teige et al., 2004). Because transcripts of GhCTR1 can be upre-
gulated sharply by ABA, it is tempting to speculate thatGhCTR1
is involved in the response to abiotic stresses via ABA signaling.
Wounding and drought stresses indeed lead to relatively high
GhCTR1 expression, but the expression of GhCTR1 was not
increased by low temperature (4 °C) or high salinity. Furthermore,
a putative cis-acting regulatory element related to drought-
inducibility was found in the promoter of GhCTR1. These results
suggest that GhCTR1 may play a role in the resistance to abiotic
stresses through the ABA signaling pathway.
The ABA phytohormone is also an antagonist to GA, which
an essential regulator of stem elongation and other developmental
processes throughout the life cycle of plants (Peng et al., 1997;
Rikin et al., 1975). In Arabidopsis, ctr1 mutant seeds were
found to be less sensitive to ABA than the wild type (Nathalie
et al., 2000). As a downstream target of CTR1, ein2 is also a
negative regulator of ABA sensitivity in seeds (Gao et al.,
2003; Alonso et al., 1999). The expression patterns of GhCTR1
under GA were also investigated, and we found that the expres-
sion could be upregulated by GA treatment. Moreover, putative
cis-acting regulatory elements involved in GA responsiveness
were found in the promoter of GhCTR1. Thus, CTR1 may be
involved in development processes through GA- and ABA-
mediated signaling pathways. The finding that the expression
level of GhCTR1 was higher in roots and stems than in leaves
further indicates that GhCTR1 may be an integrator of GA and
ABA signaling pathways in the regulation of the development
of roots and stems.
SA, as a classical phytohormone, is predominately associated
with resistance against biotrophic and hemi-biotrophic pathogens
and the establishment of systemic acquired resistance (Grant and
Lamb, 2006; Ton et al., 2002). The mutant phenotype of another
Raf-like gene, EDR1, was reported to be regulated by the amount
of SA production (Frye et al., 2001). We found that GhCTR1
could be significantly induced by SA. Correspondingly, we
examined the expression pattern ofGhCTR1 following inoculation
with the pathogenic fungusR. solani. The finding that the transcript
level ofGhCTR1was markedly induced by R. solani indicates that
GhCTR1 may participate in plant pathogen defense responses via
SA signaling pathways. The presence of SA-responding elements
in the promoter further verifies that GhCTR1 may participate in
SA signaling. Interestingly, emerging evidence suggests that
ABA and GA also act as negative regulators in defense responses
in various plant pathosystems (Bari and Jones, 2009).
Taken together, the data presented here suggest thatGhCTR1 is
an integrator of SA-, GA-, and ABA-mediated signaling pathways
in response to environmental stress and during the development ofroots and stems. However, the functional role of GhCTR1 in these
signaling networks requires further exploration. Future studies
focusing on the transgenic plants overexpressing the coding region
and 5′-flanking region ofGhCTR1will improve our understanding
of the functional mechanisms of this novel MAP3K.
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